Lysine acetylation is a widespread posttranslational modification affecting many biological pathways. Recent studies indicate that acetylated lysine residues mainly exhibit low acetylation occupancy, but challenges in sample preparation and analysis make it difficult to confidently assign these numbers, limiting understanding of their biological significance. Here, we tested three common sample preparation methods to determine their suitability for assessing acetylation stoichiometry in three human cell lines, identifying the acetylation occupancy in more than 1,300 proteins from each cell line. The stoichiometric analysis in combination with quantitative proteomics also enabled us to explore their functional roles. We found that higher abundance of the deacetylase sirtuin 1 (SIRT1) correlated with lower acetylation occupancy and lower levels of ribosomal proteins, including those involved in ribosome biogenesis and rRNA processing. Treatment with the SIRT1 inhibitor EX-527 confirmed SIRT1's role in the regulation of pre-rRNA synthesis and processing. Specifically, proteins involved in pre-rRNA transcription, including subunits of the polymerase I and SL1 complexes and the RNA polymerase I-specific transcription initiation factor RRN3, were up-regulated after SIRT1 inhibition. Moreover, many protein effectors and regulators of pre-rRNA processing needed for rRNA maturation were also up-regulated after EX-527 treatment with the outcome that pre-rRNA and 28S rRNA levels also increased. More generally, we found that SIRT1 inhibition down-regulates metabolic pathways, including glycolysis and pyruvate metabolism. Together, these results provide the largest data set thus far of lysine acetylation stoichiometry (available via Pro-teomeXchange with identifier PXD005903) and set the stage for further biological investigations of this central posttranslational modification.
Lysine acetylation is a widespread posttranslational modification affecting many biological pathways. Recent studies indicate that acetylated lysine residues mainly exhibit low acetylation occupancy, but challenges in sample preparation and analysis make it difficult to confidently assign these numbers, limiting understanding of their biological significance. Here, we tested three common sample preparation methods to determine their suitability for assessing acetylation stoichiometry in three human cell lines, identifying the acetylation occupancy in more than 1,300 proteins from each cell line. The stoichiometric analysis in combination with quantitative proteomics also enabled us to explore their functional roles. We found that higher abundance of the deacetylase sirtuin 1 (SIRT1) correlated with lower acetylation occupancy and lower levels of ribosomal proteins, including those involved in ribosome biogenesis and rRNA processing. Treatment with the SIRT1 inhibitor EX-527 confirmed SIRT1's role in the regulation of pre-rRNA synthesis and processing. Specifically, proteins involved in pre-rRNA transcription, including subunits of the polymerase I and SL1 complexes and the RNA polymerase I-specific transcription initiation factor RRN3, were up-regulated after SIRT1 inhibition. Moreover, many protein effectors and regulators of pre-rRNA processing needed for rRNA maturation were also up-regulated after EX-527 treatment with the outcome that pre-rRNA and 28S rRNA levels also increased. More generally, we found that SIRT1 inhibition down-regulates metabolic pathways, including glycolysis and pyruvate metabolism. Together, these results provide the largest data set thus far of lysine acetylation stoichiometry (available via Pro-teomeXchange with identifier PXD005903) and set the stage for further biological investigations of this central posttranslational modification.
Cells of all kingdoms use the posttranslational modifications (PTMs) 3 of proteins to regulate biological pathways and processes and to increase the complexity and variety of functions of their protein targets without increasing the number of primary protein sequences. Many PTMs have been described, and the implications for their targets and pathways are the main goal of an increasing number of scientific reports. Reversible protein phosphorylation is the most widely studied PTM so far; it targets proteins that are involved in the vast majority of biological processes (1, 2) . Lysine acetylation is also a reversible and widespread PTM that was discovered in histones more than 5 decades ago (3) . It is currently known to be involved in the regulation of a large number of biological pathways with targets in all cellular compartments (4 -7) . Among the most representative pathways and groups of proteins that have been identified with this PTM, beyond the group of histones, are chromatin regulators and modifying proteins, DNA repair, DNA replication, spliceosome, ribosome biogenesis in the nucleus, most of the metabolic enzymes, ribosomal and cytoskeleton proteins in the cytoplasm, and the oxidative phosphorylation and the tricarboxylic acid cycle in the mitochondrion. In addition, many proteins involved in the posttranslational modification of proteins such as kinases, lysine acetyltransferases, deacetylases, and ubiquitin conjugation proteins are also targeted by lysine acetylation.
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concentration of acetyl-CoA (0.1-1.5 mM) and a pH of 7.9-8.0 (8) . KDACs are further divided into two major groups: the Zn 2ϩ -dependent members of KDAC classes I, II, and IV and KDAC class III or sirtuins, which are NAD ϩ -dependent and exhibit a mono-ADP-ribosyltransferase activity, in addition to deacetylase (9 -11) . Particularly, sirtuins are involved in the regulation of several important processes and therefore have been linked to physiologic and pathologic states, including aging and cancer (12) . Of the seven sirtuins reported in humans, SIRT1 is the most abundant and closely related to its yeast homolog, Sir2 (13) . This protein is mostly nuclear and cytoplasmic and has been found to regulate many pathways in response to several physiological stresses or cell cycle phases (14) . In cancer, SIRT1 has been linked to both tumor progression and tumor repression, and its functions are largely tumor-specific (15) . Lysine acetylation is largely a low-stoichiometric PTM, and for its large-scale identification using mass spectrometry-based proteomics, specific target approaches based on anti-acetyl-lysine antibodies are required (7) . With this strategy, the number of identified acetylation sites in human cells rapidly increased to several thousand in the last decade. However, important limitations are associated with this strategy, including lack of information related to site occupancy; a bias in site identification, which is linked to the use of antibodies; and the amount of starting sample needed for the enrichment step (11) . Recently, a method based on the chemical acetylation of untargeted lysine residues, carrying heavy stable isotopes to estimate the relative occupancy of endogenous acetylation, was reported and applied to the Escherichia coli proteome (16) . The method uses the MS precursor intensities to estimate the relative lysine acetylation occupancy versus the untargeted residues that were chemically acetylated with heavy isotopes prior to the generation of peptides by trypsin digestion. The same strategy was applied to the stoichiometric analysis of mammalian cells to analyze the dynamics of acetylation stoichiometries after treatment with a deacetylase inhibitor (17) .
Here, we combined three of the most widely used methods for sample preparation in proteomics with large-scale lysine acetylation stoichiometry determination based on the chemical acetylation of proteins with stable heavy isotopes in human cells. Our strategy incorporated an efficient acetylation reaction with N-acetoxysuccinimide-d 3 (NAS-d 3 ) and protein digestion with trypsin in the presence of sodium deoxycholate (SDC) to avoid degradation and losses due to protein precipitation. The integration of lysine acetylation stoichiometric analysis with quantitative proteomics allowed us to establish a functional link between lysine acetylation occupancy and the abundance of targeted proteins, pathway partners, and deacetylases in three human cell lines. In addition, we studied the dynamics of acetylation stoichiometry and the consequences of the inhibition of the deacetylase SIRT1 at the proteome level.
Results

Method development
For lysine acetylation stoichiometry analysis at the proteome level, several steps are mandatory. In the first step, the proteins subjected to the study must be obtained. Next, all lysine resi-dues of proteins will be chemically acetylated with heavy isotopes to differentiate them from endogenous acetylation (natural composition of isotopes). Once the lysine residues of all proteins are fully acetylated, the proteins are digested with trypsin. Because trypsin cannot hydrolyze the peptide bond when acetyl-lysine is present, the generated peptides will be delimited by arginine residues. Finally, in the MS analysis, those peptides with some degree of endogenous acetylation occupancy at lysine residues will be seen as complex isotopic distributions. If the three hydrogens of the chemically incorporated acetyl group are replaced with deuterium, then in the MS spectrum the isotopic distribution of chemically acetylated lysine-containing peptides will be shifted three daltons relative to the endogenously acetylated peptide. Therefore, by analyzing the isotopic distribution, it is possible to determine the lysine acetylation stoichiometry compared with the endogenous untargeted lysine residues (chemically acetylated with heavy isotopes).
We combined an optimized method for lysine acetylation stoichiometry analysis with three of the most widely used procedures for sample preparation in proteomics: filter-aided sample preparation (FASP), gel sample preparation (GSP), and solution sample preparation (SSP). Briefly, we used a simple and highly efficient total protein extraction protocol, described under "Experimental procedures," that relies on the incorporation of high concentrations of sodium dodecyl sulfate (SDS) (4%) and DTT (0.1 M). Equal amounts of proteins were submitted to the selected sample preparation procedure ( Fig. 1 ). For the chemical derivatization of lysine residues, we used NAS-d 3 instead of deuterated acetic anhydride because NAS-d 3 is a significantly more efficient alkylating reagent, and a gentler buffer can be utilized during the acetylation reaction. Although the acetylation reaction with NAS-d 3 leads to fewer collateral reactions in residues such as tyrosine, threonine, and serine, we included a hydroxylamine treatment to revert O-acetylation modifications completely. To avoid the precipitation of proteins after chemical acetylation, we introduced two detergents, SDS and SDC, during the reaction step and SDC during trypsin digestion. It is well known that trypsin works satisfactorily in high concentrations of SDC (18) . SDC was easily removed by ethyl acetate extraction under acidic conditions. Finally, samples were submitted to a high-resolution LC-MS/MS system. Protein identification and quantification were performed with MaxQuant software, and the lysine acetylation stoichiometric analysis was achieved with Pview software.
Comparison of sample preparation methods
Three different cell lines were used to evaluate the three sample preparation procedures: HaCaT (non-cancerous immortalized human keratinocyte), SiHa (HPV-16-positive cervical cancer cell line), and CaLo (HPV-18-positive cervical cancer cell line). Three independent biological replicates were performed. Methods were evaluated according to the number of peptides and proteins identified as well as their mass and hydrophobicity distributions. To determine the potential advantages or potentialities of analyzed sample preparation methods, we performed a molecular mass and hydrophobicity distribution of identified peptides (Fig. 2, A and B) and proteins (Fig. 2, C and D) . Despite the distributions of molecular masses and hydrophobicity having highly similar patterns at the protein level without any important bias, we found that at peptide level we missed certain kinds of peptides using the FASP method. The molecular mass distribution of peptides discarded the idea that large peptides generated from the trypsin digestion of proteins that were fully acetylated at their lysine residues would be lost. The distribution of identified peptides with a molecular mass above 2 kDa was highly similar for the three methods. In contrast, the distribution of identified peptides according to their grand average of hydropathy index indicated a bias for hydrophobic peptides in the FASP method. Although this bias did not have a substantial effect on the distribution at the protein level, probably because even the most hydrophobic proteins can generate hydrophilic peptides after trypsin digestion, for our purpose of lysine acetylation stoichiometry analysis it represents lower identification and quantification of their occupancy by acetylation of lysinecontaining peptides. The number of peptides and proteins, their corresponding lysine content, and the number of identified acetylation sites are summarized in Table 1 .
Although equal amounts of proteins were used to evaluate the three methods, to analyze similar quantities of peptides in the LC-MS/MS system, the amount of injected material was different for each method. In the case of the FASP method, an amount equivalent to 4 g of the starting material was used for each LC-MS/MS run. In the GSP method, an amount equivalent to 5 g was used. The best overall recoveries were achieved in SSP where we used an amount equivalent to 2 g of the 
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starting sample. As no important differences were observed in the distribution of proteins based on their molecular mass or their hydrophobicity, we believe that the final peptide recovery steps in the FASP and GSP methods are the most critical for the overall recovery of the samples. In the case of the FASP method, peptides with higher hydrophobicity are more difficult to recover. However, in the GSP method, no bias was observed for any particular group of peptides as all peptides were affected similarly. For the SSP method, there is no need to perform a peptide recovery step as the final step to eliminate the detergent ( Fig. 1, right) is carried out by ethyl acetate extraction under acidic conditions, and the peptides remain in the aqueous solution.
Although some methods have disadvantages, we identified complementary sets of peptide and proteins. For example, the average number of peptides identified by individual methods for each cell was 18,700, and the average number of peptides identified for each cell line combining the three methods was 32,600. These results show a complementarity between methods as one single method can identify about 60% of the peptides that can be identified using all three methods. However, if a peptide prefractionation step is included before LC-MS/MS analysis, more overlap between methods could be observed. Conversely, we analyzed the consistency of the reported stoichiometric results between different methods. For those acetylated peptides identified in the three sample preparation methods, we report the coefficient of variation and the relative errors between methods (supplemental Table S1 ). The relative error distributions for each method showed high similarity ( Fig. 2E) , indicating that the sample preparation method is not associated with the labeling efficiency and that similar acetylation stoichiometry results can be obtained with different methods.
Lysine acetylation analysis
For the lysine acetylation stoichiometric analysis, we used the Pview software package that was recently validated and used to analyze the lysine acetylation stoichiometry in bacterial proteins (16) . We combined the results achieved with the three sample preparation methods to report the acetylation stoichiometry of peptides for each cell line (supplemental Table S1 ). Additionally, we only report the acetylation occupancy for those peptides that were identified with an FDR lower than 1% by two independent search engines (MaxQuant and Pview), an isotopic distribution tolerance of less than 5 ppm, and at least three signals observed for both isotopic distributions endogenously (light) and chemically (heavy) acetylated. Approximately 25% of all identified proteins in each cell line had some degree of acetylation on lysine residues (1,433 in HaCaT, 1,399 in CaLo, and 1,325 in SiHa). The distribution of acetylated proteins according to their cellular compartment showed that two cellular structures were particularly enriched in proteins affected by this PTM, the ribosome and the nucleolus (Fig. 3A ). We also noticed that SiHa cells are particularly less enriched in acetylated proteins for these two cellular structures. In addition, ϳ1,200 membrane proteins were identified in each cell line, and it was found that this group of proteins is among the most enriched groups in acetylated proteins.
As reported previously, lysine acetylation is a widespread PTM, targeting proteins involved in a large set of biological processes and pathways from all cellular compartments (4). The functional enrichment analysis revealed that acetylation is more frequently observed in proteins that are involved in carbon and fatty acid metabolism as well as in amino acid biosynthesis, targeting more than 40% of the proteins identified for these pathways ( Fig. 3B and supplemental Table S2 ). Unexpectedly, we found that more proteins involved in these pathways are acetylated in SiHa cells. In addition, large proportions of acetylated proteins were also found in proteins involved in transcription and translation pathways of the three cell lines analyzed.
Our stoichiometric analysis confirmed that lysine acetylation is a low-stoichiometry PTM as reported previously for other cells (17, 19) . The global distributions of peptides according to their acetylation occupancy in the three cell lines showed high similarity, revealing that half of the acetylated peptides displayed stoichiometries lower than 5% ( Fig. 3C ). However, the acetylation stoichiometry distributions for certain groups of proteins, involved in different pathways, show different stoichiometry patterns. Ribosomal proteins are among the groups of proteins with more acetylated elements identified (between 50 -60% of identified proteins). Particularly, most of the acetylation sites of this group of proteins show lower occupancy than the average. More than 40% of ribosomal protein acetylation sites are less than 1% occupied by this PTM (Fig. 3G ). Conversely, acetylation sites of proteins involved in fatty acid metabolism, degradation, and biosynthesis show greater acetylation stoichiometry. For these proteins, more than 85% of their identified acetylated peptides show more than 1% occupation ( Fig. 3F) . Besides, we observed differences in the stoichiometry distribution of peptides when analyzing proteins from different Table 1 Identified Acetylomics and proteomics dynamics in human cells cellular compartments. Acetylated peptides from Golgi apparatus proteins show higher acetylation occupancy than endoplasmic reticulum, cytoplasmic, and nuclear proteins. Moreover, acetylation sites of membrane proteins are among the less occupied by this PTM. The distributions of acetylation occu-pancy of several groups of proteins are presented in supplemental Fig. S1 . The acetylation stoichiometry varies for different sites in the same proteins. Histones form a well known group of proteins targeted by acetylation. However, we found large differences in in green, red, and blue, respectively. The six quantiles corresponding to the acetylation occupancy of peptides were: peptides with less than 1% of acetylation occupancy (Ͻ1%); peptides with acetylation stoichiometry between 1 and 5% (1-5%), 5 and 10% (5-10%), 10 and 25% (10 -25%), and 25 and 50% (25-50%); and peptides with more than 50% of site occupation (Ͼ50%). C, the chart represents all acetylated peptides in the three cell lines. D-H, the charts correspond to the number of peptides from proteins involved in the enriched biological pathways using the online version of DAVID bioinformatics software. TCA, tricarboxylic acid.
proteins, peptides, lysine-containing peptides, acetylated peptides, and proteins by cells using different sample preparation methods
Acetylomics and proteomics dynamics in human cells
the stoichiometry of acetylation for the reported acetylation sites. In fact, the N-terminal tails of H2A, H3, and H4 contain lysine residues highly susceptible to acetylation with stoichiometries ranging from 5 to 30%. However, in their globular central domains, very few residues were acetylated, and in all cases, the acetylation occupancy was below 1%.
Acetylation stoichiometry dynamics
Acetylation cross-talks with other PTMs in residues near the acetylation site. We found evidence that methylation and phosphorylation can alter the acetylation status in at least nearby lysine residues. With our experiment design, it was confirmed that monomethylated lysine residues can be fully acetylated with the chemical reaction performed. However, we found no evidence of the coexistence of these PTMs endogenously. The peptide 10 KSTGGKAPR 18 from histone H3 illustrates the complexity of the interactions between different PTMs. The Lys 10 residue was identified in the three cell lines under study as unmodified, mono-, di-, trimethylated, and acetylated; the Ser 11 residue was found unmodified and phosphorylated; and the Lys 15 residue was detected unmodified and acetylated (Fig.  4 ). The lysine acetylation stoichiometric analysis revealed that the Lys 15 residue is largely more susceptible to acetylation than the Lys 10 residue, which is a target for methylation. In the fraction corresponding to the non-methylated Lys 10 residue, only a tiny fraction was detected with both lysine residues acetylated. The MS/MS spectrum of the signal 494.786 Th confirms that Lys 15 is the preferred acetylation site even in the absence of methylation in the Lys 10 residue (Fig. 4, G and H) . For this peptide, we noticed that mono-and dimethylation in Lys 10 did not affect the acetylation occupancy in Lys 15 compared with the non-methylated Lys 10 . However, the presence of trimethylated Lys 10 resulted in a decrease of 7-10% in the acetylation occupancy of the Lys 15 residue (Fig. 4F ). Conversely, phosphorylation in Ser 11 favors the occurrence of acetylation in Lys 15 , increasing its occupancy 7-25% relative to non-phosphorylated peptide (Fig. 4 , I and J). Also, we were unable to detect the co-occurrence of methylation or acetylation in Lys 10 and phosphorylated Ser 11 . These findings clearly illustrate the complexity of the regulation of protein functions by means of PTMs and their cross-talk.
Not only do PTMs surrounding the acetylation site alter its occupancy, but small differences in the amino acid composition can also lead to variations in the stoichiometry of acetylation sites. Two variants of histone H3, H3.1 and H3.3, only differ in five residues, most of which are located in the globular region with relevance for their specific deposition in the genome (20) . The N-terminal tails of these variants differ by a single amino acid at position 32. Ala 32 from the canonical histone H3.1/H3.2 is substituted by Ser 32 in histone H3.3. The peptides 28 KSAPATGGVKKPHR 41 from histone H3.1/H3.2 and 28 KSAPSTGGVKKPHR 41 from histone H3.3 were both identified in the three cell lines. According to our stoichiometric analysis, only one of the three lysine residues in both peptides was the target for acetylation, and its degree of occupancy in all cells and variants of peptides was below 5%. Besides, Lys 28 and Lys 37 residues were methylated in both histone variants. For the peptide corresponding to histones H3.1/ H3.2, the acetylation dynamics differ from the peptide in histone H3.3. In the non-methylated peptides, the acetylation occupancy of the peptide from histone H3.3 was at least 2.5-fold greater than that from histone H3.1/H3.2. In both peptides, when the Lys 28 residue was methylated, no acetylation was detected, indicating that both PTMs are probably competing for the same residue. We were unable to confirm by MS/MS the exact acetylation site due to the low stoichiometry of this PTM in these peptides. Unexpectedly, the presence of methylation in the Lys 37 residue results in different outcomes in both peptides. For histone H3.1/H3.2, the acetylation occupancy of the peptide increases at least 2.5-fold compared with the non-methylated peptide, whereas for histone H3.3 the stoichiometry decreases at least 1.5-fold (supplemental Fig. S2 ). Histone H3.3 replaces the canonical H3.1/H3.2 in several regions of the genome, generally in the start sites and the transcribing regions of active genes, in the telomeres and other regulatory regions (21) . According to our results, it is possible that the substitution of residue Ala 32 for Ser 32 in histone H3.3 could be responsible for the increase in the stoichiometry of acetylation of residue Lys 28 , and therefore this substitution may favor the active transcription of genes. In addition, this substitution could also be involved in the cross-talk between both acetylation and methylation in these peptides.
For histone H2A variants, several amino acid substitutions are located in the N-terminal tails (from Ac-Ser 2 to Arg 18 ) relative to the canonical variant. We identified and determined the acetylation stoichiometry of the two generated peptides and their variants after trypsin digestion (as described under "Experimental Procedures"). The determination of acetylation stoichiometry of the peptide 5 GKQGGKAR 12 from the canonical H2A and two other variants ( 5 GKTGGKAR 12 from H2AX and 5 GKQGGKVR 12 from H2AJ) uncovered slight but measurable differences. The peptide from histone H2AJ had higher acetylation occupancy than the canonical and H2AX variants. The role of histone H2AJ, as well as the conditions in which it normally replaces the canonical variant from nucleosomes, is unknown. In contrast, histone H2AX has been more extensively studied and found to have an important role in the cellular response to stress and DNA breakage. The two variants of the second peptide from the N-terminal tail of H2A histones ( 13 AKAKSR 18 from H2AC, H2AJ, and H2AX and 13 AKAKTR 18 from H2AB) displayed very low stoichiometry, below 0.20% for both peptide variants, in the three cell types.
Quantitative proteomics and acetylomics
To globally analyze our data, we performed a quantitative label-free proteomics analysis comparing the three cell types. For this analysis, we used the experimental data from the GSP and SSP methods, and we compared the protein profiles of the three cell types under study (supplemental Table S3 ). To connect quantitative proteomics and lysine acetylation stoichiometry, we first analyzed the relative abundance of the deacetylases identified by two or more unique peptides in the three cell types. According to our results, SIRT1 was the deacetylase with the greatest variation between cell types. SiHa contains ϳ2fold the amount of SIRT1 compared with HaCaT and CaLo cells. These results were confirmed by Western blot analysis ( Fig. 5 ). Taking into account these findings, we selected the proteins that contain all the peptides for which we determined their acetylation stoichiometry in the three cell types and that showed less acetylation occupancy in SiHa cells compared with HaCaT and CaLo. We searched these proteins for significant enrichments in biological pathways and processes. In addition, we used the quantitative proteomics data to determine the protein profiles of the enriched groups of proteins.
A total of 215 peptides corresponding to 196 proteins had less acetylation occupancy in SiHa than in the other two cell lines (supplemental Table S4 ). Among the most enriched biological pathways and processes, we found proteins from the spliceosome, ribosome, glycolysis pathway, rRNA processing, ribosome biogenesis, RNA transport, DNA repair, gene expression, cell-cell adhesion, and protein processing in the endoplasmic reticulum among others. To establish a link between acetylation occupancy and the regulation of the biological pathways, we analyzed the protein abundance profiles of identified proteins in each enriched biological pathway, including those identified proteins where no acetylation was detected. 
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For this analysis, we used the protein levels from the noncancerous HaCaT cells as reference to relatively measure the abundance of the proteins in CaLo and SiHa cells. One of the groups subjected to this study was the ribosome. For this group of proteins, the ratio-intensity plot clearly showed that these proteins are underrepresented in SiHa cells compared with CaLo and HaCaT cells. This observation was more evident for the most abundant proteins for which the reported quantification values are more trustworthy (Fig. 5C ). Statistical analysis showed that the medians for this group of proteins are significantly different between the three cell lines (supplemental Fig. S3 ). Proteins involved in ribosome biogenesis and rRNA processing were also underrepresented in SiHa cells, suggesting that SIRT1 might play a negative role in these processes.
Acetylomics and proteomics analyses in cells treated with a SIRT1 inhibitor
EX-527 is a potent and selective inhibitor of SIRT1 with an IC 50 of 38 nM. EX-527 is between 200-and 500-fold more selective for SIRT1 than for SIRT2 and SIRT3, the more closely related sirtuins (22) . This inhibitor does not inhibit members of KDAC classes I, II, and IV (Zn 2ϩ -dependent histone deacetylases 1-11). We treated the three cell types (HaCaT, CaLo, and SiHa) with vehicle (control) or 1 M EX-527 for 24 h. Inhibition of SIRT1 followed by integral analysis of lysine acetylation stoichiometry and quantitative proteomics will help to clarify the role of SIRT1 in controlling the acetylation of the previously identified biological pathways and processes. For this analysis, samples were prepared according to the SSP method. To increase the confidence and coverage of the study, we performed two independent replicates of the experiment, and a peptide prefractionation step, based on reverse-phase chromatography at high pH, was incorporated before LC-MS/MS.
The number of identified proteins in each cell type significantly increased with the incorporation of the peptide fractionation step from 6,120 identified proteins per cell type without peptide fractionation (Table 1) to 9,150 identified proteins after peptide fractionation. The number of identified acetylation sites was increased ϳ60% compared with the previous results using SSP without peptide fractionation (supplemental Table S5 ). As we noticed previously, the complementarity between sample preparation methods is high, and we did not identify more acetylation sites in the current analysis than we did with the combined results of the three methods.
The inhibition of SIRT1 with EX-527 did not affect normal cell growth during the 24 h of treatment compared with untreated cells in any of the three cell lines. After acetylation stoichiometric analysis, we noticed that the number of identified acetylation sites in the non-cancerous HaCaT cells increased from 1,500 peptides in the untreated cells to 1,911 in EX-527-treated cells. However, the distribution in quantiles did not show a global increase in acetylation occupancy (supplemental Fig. S4 ). In cancer cells treated with the SIRT1 inhibitor, we identified fewer acetylated peptides from 1,696 and 1,639 peptides in untreated CaLo and SiHa to 1,588 and 1,510, respectively, after SIRT1 inhibition. However, in both cancerous cell lines, a slight increase in global acetylation occupancy was observed in the acetylation stoichiometry distribution after treatment (supplemental Fig. S4) . Surprisingly, we found several peptides that indeed showed decreased acetylation occupancy when SIRT1 was inhibited. This observation was also noticed previously in a large-scale lysine acetylation analysis when 19 different deacetylase inhibitors were used to inhibit all KDAC classes (23) .
We identified 57 proteins with sites that consistently showed increased lysine acetylation occupancy in the three cell lines after treatment with the SIRT1 inhibitor (supplemental Table  S6 and Figs. S5-S12). Functional enrichment analysis confirmed that most of these proteins are involved in rRNA processing, mRNA splicing and spliceosome, translational initiation and ribosomal proteins, cell-cell adhesion, and signal recognition particle-dependent cotranslational protein targeting to the membrane. All these pathways or processes were previously found to be enriched in the group of proteins with lower acetylation occupancy in untreated SiHa compared with CaLo and HaCaT cells, confirming that SIRT1 regulates these processes through its deacetylase activity.
To gain a better understanding of the role of SIRT1, we performed a functional enrichment analysis with the proteins from the three cell lines that showed increased acetylation occupancy by more than 5% after treatment with the SIRT1 inhibitor EX-527 (supplemental Table S7 ). Although more than 30% of proteins involved in metabolic pathways were acetylated, very few of them showed at least a 5% increase in acetylation after SIRT1 inhibition (Fig. 6A) . The largest number of proteins that showed increased acetylation after EX-527 treatment is involved in transcription and translation pathways. We also observed differences between the cell lines in response to the treatment. In SiHa cells, more proteins involved in metabolism had increased acetylation stoichiometry compared with the other cell lines. In CaLo cells treated with EX-527, more proteins from the pathways of genetic information processing showed increased acetylation occupancy compared with other cell lines. Finally, in the HaCaT cell line, the treatment increased the acetylation occupancy by at least 5% in more proteins involved in cellular processes such as endocytosis, regulation of the actin cytoskeleton, and phagosome compared with SiHa and CaLo cell lines (Fig. 6A ).
In addition, we used the quantitative proteomics data to determine to what extent the inhibition of the deacetylase activity of SIRT1 influences the regulation of the protein profile of its targets and their pathways (supplemental Table S8 ). For this analysis, we selected two groups of proteins, those that decreased in abundance after SIRT1 inhibition in the three cell types and those that were up-regulated in the three cell types during SIRT1 inhibition. For both groups, we searched for significant protein enrichments in cellular pathways and processes. Our results revealed that SIRT1 targets and negatively regulates pathways and processes, including rRNA processing, ribosome biogenesis, the spliceosome, the ribosome, DNA replication and repair, and cell division among others (Fig. 6B) . In contrast, we discovered a positive regulation of SIRT1 in several metabolic pathways, in protein processing in the endoplasmic reticulum, in cytoskeleton organization, and in cellular processes such as endocytosis and lysosome (Fig. 6C ).
SIRT1 inhibition promotes the synthesis and processing of the pre-rRNA
The quantitative proteomics and lysine acetylation stoichiometry analyses in our three cell lines provided evidence supporting a repressive effect of SIRT1 over the biogenesis of ribosomes, starting from the synthesis of pre-rRNA. To confirm these findings, we treated our cells with vehicle (control), 1 M EX-527, or 5 M EX-527. We measured by real-time quantitative PCR (RT-qPCR) the levels of pre-rRNA and the mature 28S rRNA. Our results reveal that the levels of pre-rRNA significantly increase in the three cell lines after SIRT1 inhibition in a dose-dependent manner (Fig. 7A) . The measurement of the mature 28S rRNA also shows an increase in its levels after EX-527 treatment that was significant in HaCaT and SiHa cells (Fig. 7B) . These results can be linked to the levels of SIRT1 in each cell line. SIRT1 levels in CaLo cells were slightly lower than in HaCaT cells, and the increase in pre-rRNA levels at the highest dose was 3-fold for CaLo cells and 5-fold for HaCaT cells. For SiHa cells, which significantly express higher levels of SIRT1 than HaCaT and CaLo cells, the increase in pre-rRNA levels was more than 20-fold. The increases in the mature 28S rRNA were lower than the increases in its precursor, indicating that SIRT1 activity is mostly linked to the initial steps of ribosomal biogenesis. The quantitative proteomics experiments comparing 1 M EX-527-treated with untreated cells are in full agreement with these results. In Fig. 7C , the distributions of ratios of intensities of ribosomal and all identified proteins in treated versus control cells are represented. The means of ribosomal protein ratios were shifted toward cells where SIRT1 was inhibited compared with the means of all protein ratios. The CaLo cell line, which exhibited the lowest increase in 28S rRNA, was also found to have the lowest increase in the abundance of ribosomal proteins.
Our results directly link SIRT1 to the regulation of the synthesis of pre-rRNA and its processing. In the schematic representation of the pre-rRNA synthesis process in Fig. 7D , the protein elements that were discovered to be up-regulated during SIRT1 inhibition are highlighted. SIRT1 does not affect the expression of nucleolar transcription factor 1 (UBTF) that recognizes the rRNA gene promoter, and in our experimental conditions, we were unable to detect any variation in the acetylation levels of their lysine residues. Similarly, we did not detect changes in the transcription terminator factor 1 (TTF-1) and polymerase I and transcript release factor (PTRF) responsible for releasing polymerase I (Pol I) and the pre-rRNA. Conversely, elements of the SL1 complex responsible for the recruitment of Pol I to the promoters were up-regulated after SIRT1 inhibition. In addition, most of the protein components specific for Pol I complex, including the catalytic subunit POLR1A, were up-regulated in the three cell lines. The RNA polymerase I-specific transcription initiation factor RRN3, which is required to activate Pol I and for the interaction with the SL1 complex at transcription initiation sites, was also overexpressed in the three cell lines treated with EX-527. As a consequence of the up-regulation of the Pol I components and its activator, pre-rRNA was overexpressed.
Several proteins involved in pre-rRNA processing to yield the mature rRNA molecules were up-regulated and/or showed increased acetylation site occupancy. Table 2 summarizes the ratios of abundance levels of several proteins involved in the regulation of pre-rRNA processing. The quantitative proteomics analysis revealed that the pre-rRNA processing pathway in CaLo cells is less affected by SIRT1 inhibition than that in HaCaT and SiHa cells. These results were confirmed by the determination of mature 28S rRNA and ribosomal protein levels (Fig. 7, B and C) . We found proteins involved in different steps of rRNA processing that were consistently up-regulated in the three cell lines. In addition, two proteins showed increased acetylation occupancy after SIRT1 inhibition in all cells.
The peptide 512 GSPTGGAQLLKR 523 from ribosomal RNAprocessing protein 1 homolog B (RRP1B) was acetylated in the Lys 522 residue in the three cell lines treated with EX-527 (HaCaT, 36.3%; CaLo, 38.4%; and SiHa, 22.4% site occupation), whereas in control cells no endogenous acetylation was detected (supplemental Fig. S9 ). This residue can be a potential SIRT1 target. Besides, the RRP1B protein levels were up-regu-
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lated in the three cell lines treated with the SIRT1 inhibitor (Table 2) . Interestingly, the peptide 16 LASSEKGIR 24 from the N terminus of RRP1B was acetylated in the Lys 21 residue in the three untreated cell lines (HaCaT, 2.8%; CaLo, 3.8%; and SiHa, 1.8% site occupation). However, in cells treated with the SIRT1 inhibitor, the Lys 21 residue showed no traces of endogenous acetylation in any of the analyzed cells. This finding points to a new level of regulation of rRNA processing that involves SIRT1 regulation of the activity of lysine acetyltransferases and/or other lysine deacetylases that needs further attention. Another potential target of SIRT1 deacetylase activity is the probable ATP-dependent RNA helicase DDX52 required to process the 45S pre-rRNA molecule ( Table 2) . Treatment with EX-527 resulted in the up-regulation of this protein in the three cell lines. We identified the peptide 124 ESKLTSGKLENLR 136 with two potential acetylation sites that were both acetylated in treated cells, whereas in control cells no acetylation was detected in those sites (supplemental Fig. S11 ).
Discussion
For large-scale lysine acetylation stoichiometry analyses, we visualized two major challenges during sample processing. The first is related to the acetylation reaction, which is necessary for the labeling with heavy isotopes of untargeted lysine residues. The second involves the solubilization of fully acetylated proteins, which are known to show an increase in hydrophobicity after modification. For the acetylation reaction, we replaced the conventional acetic anhydride with the N-hydroxysuccinimide (NHS) derivate NAS-d 3 , which is a more stable and gentler reagent. In previous works, we optimized the reactions for several alkylating reagents in solution and in gel to completely modify lysine residues at the peptide and protein levels and applied them to proteomics studies (24 -26) . 4 As we synthesized the NAS-d 3 reagent starting from acetic anhydride-d 6 and NHS, we used cytochrome c to verify the quality of the reagent and the efficiency of labeling (supplemental Fig. S13 ). The reaction with acetic anhydride generates acetic acid that lowers the pH. As a consequence, stronger basic buffers that can affect the stability of proteins are needed to maintain basic pH during the reaction. In addition, due to the high reactivity, acetic anhydride treatment can generate side reactions in residues such as Figure 6 . A, number of proteins with sites that showed an increase in acetylation occupancy greater than 5% after EX-527 treatment in each cell line, distributed according to their biological pathway. B, biological pathways and processes enriched in proteins that showed increased abundance after SIRT1 inhibition in the three cell types analyzed and therefore are negatively regulated by SIRT1. C, biological pathways and processes enriched in proteins that showed decreased abundance after SIRT1 inhibition in the three cell types analyzed and therefore are positively regulated by SIRT1. All enrichment analyses were performed with the online version of the DAVID bioinformatics software. TCA, tricarboxylic acid; ER, endoplasmic reticulum.
tyrosine, threonine, and serine. The acetylation reaction with NAS-d 3 generates NHS, which does not lower the pH, allowing the use of gentle buffers such as TEAB at a lower concentration. This reagent has been successfully used for quantitative proteomics and for lysine acetylation stoichiometric analysis (17, 27) . As the acetylation reaction occurs at the protein level, which can significantly increase the hydrophobicity of proteins, we explored the use of different methods for sample preparation. We included detergents during the acetylation reaction and during trypsin digestion to avoid unwanted protein precipitation. We compared three of the most widely used methods for sample preparation in proteomics. FASP, GSP, and SSP were evaluated by comparing the peptide and protein distributions based on their hydrophobicity and molecular mass. The FASP method displayed an important bias in the analysis of hydrophobic peptides in comparison with the other two methods. Although the SSP method exhibited the best overall recoveries, we obtained complementary sets of identified acetyl-lysine peptides with the three sample preparation methods.
Our LC-MS/MS data set was also useful for quantitative label-free proteomics analysis between cell types and for comparing untreated versus SIRT1 inhibitor-treated cells. All samples from cell lines or experimental conditions were subjected to the same procedure of chemical acetylation with NAS-d 3 and trypsin digestion. In addition, about half of the identified peptides do not contain lysine residues, and only 10% of the lysine-containing peptides had some degree of endogenous normal acetylation occupancy. However, half of the peptides determined to be acetylated presented a stoichiometry of less than 5%. According to our data, more than 95% of the identified peptides did not show variation in their isotopic distributions, behaving as nonlabeled, and therefore can be useful for quantitative labelfree analysis.
Our stoichiometric analysis revealed that lysine acetylation is a highly dynamic PTM and that it largely depends on the amino acid composition surrounding the acetylation site. Changes in one residue can alter the stoichiometry of acetylation; this is particularly true for histone variants Most of the components specific for the Pol I complex as well as the protein RRN3 required for the activation of Pol I and for the interaction with SL1 complex at the transcription start site were up-regulated in the three cells lines analyzed. UBTF, nucleolar transcription factor 1; TTF-1, transcription terminator factor 1; PTRF, polymerase I and transcript release factor; TBP, TATA-binding protein; TWISTNB, TWIST neighbor.
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where single-residue exchange led to variations in the acetylation occupancy of their N-terminal tails. In addition, methylation not only competes with acetylation for the same residues but also can alter the acetylation occupancy in nearby lysine residues. Phosphorylation in residues near the acetylation site can also alter its occupancy, not only for acetylation but also for methylation. Our results show the high degree of complexity of cross-talk between PTMs in a specific protein target. Similar observations were reported previously when Chen et al. (14) performed a quantitative acetylome analysis in mouse cells. We integrated the quantitative proteomics and acetylation stoichiometry analyses in three cell types. We found that, among the group of deacetylase enzymes, SIRT1 was up-regulated more than 2-fold in SiHa cells compared with HaCaT and CaLo cells. We expected that at least some of the proteins that show low acetylation stoichiometry in SiHa cells could be targets of SIRT1, and therefore their pathways could be regulated by this enzyme. The functional analysis of the group of proteins with less acetylation occupancy in SiHa cells revealed a significant enrichment in ribosomal proteins, ribosome biogenesis, rRNA processing, and glycolysis among others. The proteomics analysis confirmed that these groups of proteins indeed showed differences between cell types. These results indicate that acetylation regulates these pathways and that SIRT1 is probably involved in controlling the acetylation status Table 2 Relative levels of proteins involved in the regulation of rRNA processing in cells treated with the SIRT1 inhibitor EX-527 relative to control
The reported values correspond to the ratio of intensities for each protein between treated and control cells (EX-527/CTRL) for the three cell lines under study. 
Accession number
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of these proteins and therefore involved in the regulation of their pathways.
To clarify the role of SIRT1, we treated cells with the SIRT1 inhibitor EX-527. With this analysis, we confirmed that SIRT1 regulates the acetylation status of several proteins involved in ribosome biogenesis and rRNA processing and ribosomal proteins. In fact, SIRT1 acts as a negative regulator of these pathways because in all cases both the direct identified targets and most of the members of these pathways had increased protein levels after SIRT1 inhibition. Previous reports also provided evidence indicating that SIRT1 plays a role in the repression of ribosomal biogenesis and rRNA processing (28, 29) . In addition, our data provide evidence in three different human cell lines that SIRT1 is involved in the negative regulation of several pathways, most of which occur in the nuclear compartment, specifically in the nucleolus. From the proteomics experiments, we assumed that SIRT1 acts as a repressor of the synthesis of pre-rRNA and its processing. To confirm this finding, we measured the levels of pre-rRNA and 28S rRNA in untreated cells and after treatment with a SIRT1 inhibitor. As expected, the levels of pre-rRNA were significantly increased after SIRT1 inhibition, confirming the role of this deacetylase in the process. To a lesser extent, the role of SIRT1 in the processing of pre-rRNA to yield the mature rRNA molecules was also validated by the level of 28S rRNA. Several proteins in different steps of rRNA processing were up-regulated in the three cell lines. Two of them, RRP1B and DDX52, both involved in 45S pre-rRNA processing to yield 30S and 32S pre-RNAs, were also potential direct targets of SIRT1. In the three cell lines, both proteins had increased acetylation occupancy in at least one site.
In contrast, we found that SIRT1 positively regulates several metabolicpathways,cytoskeletonorganization,andproteinprocessing in the endoplasmic reticulum, which are mostly nonnuclear pathways. These results correspond to the functions of SIRT1 that were consistently conserved in the three cell lines analyzed. However, as we observed, SIRT1 is differentially expressed in these cell lines, and particular functions for each cell type can be described. For example, in SiHa cells, SIRT1 seems to have a more profound effect on metabolic proteins. In the cases where we found differences between cell lines, further validation is required to obtain more confident evidence about the role of SIRT1 in specific cell types.
With the integration of quantitative proteomics and largescale lysine acetylation stoichiometry, we explored lysine acetylation sites, their stoichiometry dynamics, and the variations at the proteome level in several experimental conditions without the bias of specific target approaches. In fact, the same data set was useful for both quantitative label-free proteomics and lysine acetylation stoichiometry analyses. With this strategy, we compared three cell lines and analyzed their response to inhibition of the deacetylase SIRT1. More than 1,500 acetylated peptides were identified, and their acetylation occupancy was determined in each cell line and experimental condition. Altogether, we report the acetylation occupancy of more than 5,000 acetylated peptides in proteins from human cells. This study represents the largest data set published so far for a stoichiometric analysis at the proteome level. Finally, the procedures presented here can be applied to study integrally the role of acetylation and its enzymatic control in any biological system. In addition, several sample preparation methods can be used or explored, depending on the conditions and experiences of each laboratory.
Experimental procedures
Cell culture and protein extraction
Non-cancerous HaCaT and cervical cancer cell lines SiHa (HPV-16-positive) and CaLo (HPV-18-positive) were cultured in RPMI 1640 medium (Gibco, Invitrogen) supplemented with 10% fetal bovine serum, penicillin, and streptomycin and maintained in a saturated-humidity atmosphere with 5% CO 2 at 37°C. At 70 -90% confluence, fetal bovine serum was removed from the medium, and cells were harvested 24 h later. For cells treated with EX-527 (6-chloro-2,3,4,9-tetrahydro-1H-carbazole-1-carboxamide) and their corresponding untreated controls, 70 -90% confluent cells, grown in the same conditions described above, were washed two times with PBS. Cells were incubated with fresh medium lacking fetal bovine serum and supplemented with 1 M EX-527, 5 M EX-527, or vehicle for 24 h.
For cell harvest, the culture medium was removed, and cells were washed two times with PBS and incubated 5 min with Versene solution at 37°C. Collected cells were washed with cold PBS. Cells were lysed in 4% SDS, 0.1 M DTT, 0.1 M Tris, pH 8.6. Cells were incubated for 1 min in lysis buffer and briefly sonicated on ice (20 pulses, 1 s each). Samples were incubated for 30 min at 40°C to reduce disulfide bridges completely. Free cysteine residues were modified with iodoacetamide for 30 min at room temperature in darkness. Protein content was estimated based on SDS-PAGE and blue silver staining of samples, aided by ImageJ software.
RNA extraction and RT-qPCR
Total RNA from HaCaT, CaLo, and SiHa cells was extracted using TRI Reagent from Zymo Research and treated with DNase I (RNase-free; Thermo Fisher Scientific). To generate cDNA, we used the RevertAid First Strand cDNA Synthesis kit from Thermo Fisher Scientific using random hexamer primers. For RT-qPCR, SYBR Green chemistry (Maxima SYBR Green/ ROX qPCR Master Mix (2ϫ) from Thermo Fisher Scientific) was used. Transcripts levels were analyzed in an ABI 7300 Real Time PCR System and were normalized using actin mRNA levels as a control. The primer sequences used in this project were previously reported to determine the levels of pre-rRNA and 28S rRNA (30) .
Synthesis of NAS-d 3
The synthesis of NAS-d 3 reagent was performed as described previously (27, 31) . Briefly, NHS was incubated with acetic anhydride-d 6 for 16 h under continuous stirring at room temperature. The white residue (NAS-d 3 ) was washed with hexane to eliminate excess reactants and vacuum-dried. NAS-d 3 can also be acquired from Sigma-Aldrich (633259).
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In-solution sample preparation
Proteins were precipitated with 9 volumes of cold ethanol overnight at Ϫ20°C. The pellet was washed three times with 90% ethanol solution. The precipitate was solubilized with 0.5% SDS, 0.5% SDC, 0.1 M TEAB, pH 8.0. The chemical acetylation reaction of the unmodified lysine residues was performed in two consecutive additions of a 100-fold molar excess of NAS-d 3 in DMSO and incubated at room temperature for 1 h, respectively. After the reaction was completed, O-acetylation was reverted by incubating the sample with 5% hydroxylamine for 20 min. An ethanol precipitation step, as described previously, was performed, and the sample was solubilized in 50 mM ABC, 0.5% SDC. Trypsin was added to a ratio of 1:50 (enzyme:substrate), and the sample was incubated for 16 h at 37°C. SDC was removed by ethyl acetate extraction under acidic conditions (1 volume of ethyl acetate was added to the sample and acidified with 0.5% TFA). After vigorous vortexing and centrifugation, the organic phase was discarded. An additional step of ethyl acetate extraction without TFA was performed. Finally, the mixture of peptides was desalted with reverse-phase chromatography, dried, and stored at Ϫ80°C until LC-MS/MS analysis.
In-gel sample preparation
Proteins were loaded on an SDS-polyacrylamide gel. When proteins entered the concentrator gel, the run was stopped, and the slice was cut. The gel was washed with water, dehydrated with acetonitrile, rehydrated with a solution of 0.1 M TEAB containing a 100-fold molar excess of NAS-d 3 , and incubated for 1 h at room temperature. This step was repeated once, and after washing the gel the O-acetylation was reverted by incubating the gel with 5% hydroxylamine for 20 min. After washing and dehydrating, the gel slice was rehydrated with 50 mM ABC and trypsin (1:50 enzyme:substrate) and then incubated at 37°C for 16 h. The peptide mixture was extracted in the presence of water/acetonitrile/formic acid. Finally, peptides were desalted, dried, and stored at Ϫ80°C until LC-MS/MS analysis.
In-filter-aided sample preparation
The protein sample was loaded onto a 10-kDa-cutoff filter; subjected to buffer exchange with 0.1 M TEAB, 0.5% SDS, 0.5% SDC; and incubated with a 100-fold molar excess of the lysine acetylation chemical reagent NAS-d 3 for 1 h. A second addition of the acetylating reagent was included, and then the sample was incubated for another hour. O-Acetylation was reverted by exchanging the buffer with a solution containing 5% hydroxylamine and incubating the sample for 20 min. For protein digestion, the buffer was exchanged with 50 mM ABC, 0.5% SDC, and trypsin was added to a ratio of 1:50 (enzyme:substrate). The reaction was incubated for 16 h at 37°C, and the mixture of peptides was collected by centrifugation. SDC elimination and the preparation of the sample for LC-MS/MS analysis were performed as described previously for the solution sample preparation method.
Peptide prefractionation
The mixtures of peptides were subjected to reverse-phase chromatography at high pH on a reverse-phase column (4.9 ϫ 150 mm) from Waters by means of an UltiMate 3000 UPLC system from Dionex. The buffer system was composed of buffer A (50 mM ammonium formate in water, pH 10) and buffer B (50 mM ammonium formate in acetonitrile/water (60:40), pH 10). Samples were loaded onto the column at a flow rate of 0.8 ml/min in buffer A and desalted for 10 min. The elution gradient was from 0 to 80% buffer B in 50 min, from 80 to 100% in 5 min, and kept at 100% of buffer B for another 5 min. 30 sample fractions were collected every 2 min. Finally, fractions were pooled together in five final fractions, each of them composed of fractions separated by 5; for example, the final fraction 1 was composed by fractions 1, 6, 11, 16, 21, and 26. Each final fraction was dried using a SpeedVac, desalted, dried, and stored at Ϫ80°C until LC-MS/MS analysis.
LC-MS/MS and data analysis
LC-MS/MS analysis was performed at the Proteomics Core Facility, Ecole Polytechnique Fédérale de Lausanne in Switzerland. Peptides were resuspended in initial chromatographic conditions and separated on a Dionex Ultimate 3000 RSLCnano UPLC system in line-coupled to a Q-Exactive highresolution mass spectrometer (Thermo Fischer Scientific). Samples were first trapped on a home-made precolumn (Magic AQ C 18 ; 3 m, 200 Å, 2 cm ϫ 100-m inner diameter) and then separated following a 250-min elution gradient using a capillary column at 250 nl/min (Nikkyo Technos Co.; Magic AQ C 18 ; 3 m, 100 Å, 15 cm ϫ 75-m inner diameter). The mobile phases were as follows: A, 2% acetonitrile, 0.1% formic acid in water and B, 90:10 (v/v) acetonitrile:water, 0.1% formic acid. The mass spectrometer was operated in positive data-dependent acquisition mode, and the full MS range was from 300 to 2,000 m/z. The 10 most intense ions were isolated in the quadrupole and fragmented under high-energy collisional dissociation with a normalized collision energy of 27%. Precursor ions were measured at a resolution of 70,000 (at 200 m/z), and the fragments were measured at 17,500. Only ions with charge states of 2 and higher were fragmented with an isolation window of 2 Th. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (32) partner repository with the data set identifier PXD005903.
Protein identification and label-free quantification were performed using MaxQuant v1.5.3.30 (33) setting Arg-C as the digestion enzyme and carbamidomethylcysteine as a fixed modification. Lysine and N-terminal protein acetylation (normal (d 0 ) and heavy (d 3 )) were included as variable modifications as well as phosphorylation (Ser/Thr/Tyr) and oxidation (Met). Proteins were identified with an FDR of 1% based on the target-decoy strategy provided by MaxQuant. The database used for protein identification was the human reference proteome UP000005640 from the UniProt repository downloaded on April 30, 2016. For label-free quantification, we considered proteins with at least two razor-unique peptides identified by MS/MS. For lysine acetylation stoichiometric analysis, we used Pview software (16) , which calculates the stoichiometry of lysine acetylation based on the isotopic distribution of identified peptides in the MS spectrum. For the stoichiometry calculation, we allowed a 5-ppm tolerance for peaks in the isotopic distribution, and for MS/MS identification the tolerance was fixed to 15 ppm with an FDR of 1%. The grand average of hydropathy index of identified peptides and proteins was calculated online (http://www.gravy-calculator.de/) 5 by the program developed by Dr. Stephan Fuchs from the University of Greifswald. The functional enrichments of the identified proteins were performed online on the site of DAVID Bioinformatics Resources v6.8 (34) .
